The Gaia Data Release 1 (DR1) sample of white dwarf parallaxes is presented, including 6 directly observed degenerates and 46 white dwarfs in wide binaries. This data set is combined with spectroscopic atmospheric parameters to study the white dwarf mass-radius relationship (MRR). Gaia parallaxes and G magnitudes are used to derive model atmosphere dependent white dwarf radii, which can then be compared to the predictions of a theoretical MRR. We find a good agreement between Gaia DR1 parallaxes, published effective temperatures (T eff ) and surface gravities (log g), and theoretical MRRs. As it was the case for Hipparcos, the precision of the data does not allow for the characterisation of hydrogen envelope masses. The uncertainties on the spectroscopic atmospheric parameters are found to dominate the error budget and current error estimates for well-known and bright white dwarfs may be slightly optimistic. With the much larger Gaia DR2 white dwarf sample it will be possible to explore the MRR over a much wider range of mass, T eff , and spectral types.
INTRODUCTION
The white dwarf mass-radius relationship (MRR) is fundamental to many aspects of astrophysics. At one end of the spectrum, the upper mass limit first derived by Chandrasekhar (1931) is the central basis of our understanding of type Ia supernovae, standard candles that can be used to measure the expansion of the Universe (Riess et al. 1998; Perlmutter et al. 1999) . On the other hand, the MRR is an essential ingredient to compute white dwarf masses from spectroscopy, photometry, or gravitational redshift measurements (see, e.g., Koester et al. 1979; Shipman 1979; Koester 1987; Bergeron et al. 1992 Bergeron et al. , 2001 Falcon et al. 2012) . These masses calibrate the semi-empirical initial to final mass relation for white dwarfs in clusters and wide binaries (see, e.g., Weidemann 2000; Catalán et al. 2008; Kalirai et al. 2008; Williams et al. 2009; Casewell et al. 2009; Dobbie et al. 2012; Cummings et al. 2016) . These results unlock the potential for white dwarfs to be used to understand the chemical evolution of galaxies , date old stellar populations (Hansen et al. 2007; Kalirai 2012) , and trace the local star formation history .
On the theoretical side, the first MRRs that were utilized assumed a zero temperature fully degenerate core ⋆ E-mail: P-E.Tremblay@warwick.ac.uk (Hamada & Salpeter 1961) . The predictions have now improved to include the finite temperature of C and O nuclei in the interior and the non-degenerate upper layers of He and H (Wood 1995; Hansen 1999; Fontaine et al. 2001; Salaris et al. 2010; Althaus et al. 2010a ). The MRRs were also extended to lower and higher mass ranges, with calculations for He and O/Ne cores, respectively (Althaus et al. 2007 . The total mass of the gravitationally stratified H, He, and C/O layers in white dwarfs is poorly constrained since we can only see the top layer from the outside. While there are some constraints on the interior structure of white dwarfs from asteroseismology (Fontaine et al. 1992; Romero et al. 2012 Romero et al. , 2013 Giammichele et al. 2016) , the white dwarf cooling sequence in clusters (Hansen et al. 2015; Goldsbury et al. 2016) , and convective mixing studies (Sion 1984; Tremblay & Bergeron 2008; Bergeron et al. 2011 ), a theoretical MRR assuming a specific interior stratification is usually preferred (Iben & Tutukov 1984; Fontaine et al. 2001; Althaus et al. 2010b ). For hydrogen-atmosphere DA white dwarfs, most studies assume thick hydrogen layers with q H = M H /M tot = 10 −4 , which is an estimate of the maximum hydrogen mass for residual nuclear burning (Iben & Tutukov 1984) . More detailed calculations for the maximum H envelope mass as a function of the white dwarf mass have also been employed (Althaus et al. 2010b ). On the other hand, thin H-layers (q H = 10 −10 ) are often used for helium c 2016 The Authors Figure 1 . Ratio of the predicted radii for thick (q H = 10 −4 ) and thin (q H = 10 −10 ) hydrogen layers as a function of the white dwarf mass. Cooling sequences from Fontaine et al. (2001) at T eff = 10,000 K (solid red line) and 30,000 K (black), as well as the models of Wood (1995) at 60,000 K (blue) were employed. We also show the difference between the C/Ocore (50/50 by mass fraction mixed uniformly) and pure-C cooling tracks at 10,000 K (dashed red line).
atmospheres (DB, DZ, DQ, and DC). Fig. 1 demonstrates that the MRR varies by 1-15%, depending on the white dwarf mass and temperature, whether a thick or a thin hydrogen layer is assumed. As a consequence, an observed MRR that would achieve a 1%-level precision could in principle constrain the layering of white dwarfs. On the other hand, Fig. 1 shows that the effect of varying the C/O ratio in the core is very small on the MRR (< 1%). Despite its fundamental importance, the MRR of white dwarfs is not robustly constrained by observations. One of the most successful tests so far has been from eclipsing binaries including a white dwarf. Currently, this method can reach a precision of ∼2% on the MRR (Parsons et al. 2016) . These derivations are based on photometric observations of the eclipses and kinematic parameters, and are almost completely independent of white dwarf model atmospheres. The disadvantage is that there are only a few known such systems (O'Brien et al. 2001; Parsons et al. 2010; Pyrzas et al. 2012; Parsons et al. 2012a,b,c; Bours et al. 2015; Parsons et al. 2016) and their configuration implies that they are always postcommon envelope binaries that have previously interacted.
Another method to test the MRR is to rely on astrometric binaries with known distances and precise dynamical orbital mass measurements (Shipman et al. 1997; Barstow et al. 2005; Bond et al. 2015) . There are only a few such systems, with Sirius, 40 Eri, and Procyon being the most studied. One can then use the observed gravitational redshift, e.g. from the wavelength shift of the cores of the Balmer lines, to derive the radius of the white dwarf relatively independently of its atmospheric parameters. For the case of Sirius B, the gravitational redshift measurements are still not fully understood and more work is needed to comprehend all constraints on mass and radius (Barstow et al. 2005 (Barstow et al. , 2015 . Nevertheless, high-resolution and high signal-to-noise spectroscopic observations allow for radial velocity measurements at a ∼2.5% precision level (Zuckerman et al. 2013) , highlighting the potential of this technique.
All other methods to derive the MRR are semi-empirical and rely on the atmospheric parameters, the effective temperature (T eff ) and surface gravity (log g). The latter are most often constrained by comparing detailed model spectra to the observed Balmer lines in DA white dwarfs Finley & Koester 1997) and to the He I lines in DB white dwarfs Koester & Kepler 2015) . If a dynamical mass is available, one can then derive the radius from the spectroscopic surface gravity, but for most white dwarfs it is not possible.
The calculation of the semi-empirical MRR using atmospheric parameters was pioneered by Schmidt (1996) and Vauclair et al. (1997) with trigonometric parallax measurements for 20 white dwarfs directly observed from the Hipparcos satellite. This technique was later expanded to include wide binary systems for which the primary has a precise Hipparcos parallax (Provencal et al. 1998; Holberg et al. 2012 ). This method is based on the fact that the energy flux measured at the earth is R 2 /D 2 times the flux emitted at the surface of the star, where R is the stellar radius and D the distance to earth. The flux emitted at the surface itself depends on the predictions from model atmospheres. The atmospheric parameters coupled with the distance can therefore allow for the derivation of a semi-empirical radius. As highlighted by Vauclair et al. (1997) , once the surface flux is integrated and observed over a broad photometric band, the derived radius depends almost only on T eff and very little on log g. One can then compute a mass independent of the MRR by using the radius defined above and the spectroscopic log g.
Given that the atmospheric parameters are employed to derive the semi-empirical MRR, it is not straightforward to disentangle a genuine signature of a MRR and interior structure from systematic model atmosphere effects. We note that some authors have actually assumed a theoretical MRR and used the technique described above to test the accuracy of the atmospheric parameters and model atmospheres (see, e.g., Tremblay et al. 2013 ). To complicate matters even more, there is a partial degeneracy since increasing both T eff and log g can result in the same predicted luminosity and distance (Tremblay & Bergeron 2009 ).
Despite the fact that modern ground-based techniques have achieved a ∼0.5 milliarcsec (mas) precision for parallaxes of a few selected white dwarfs in the solar neighborhood (Harris et al. 2007; Subasavage et al. 2009 ), the picture of the semi-empirical MRR has remained largely unchanged since the Hipparcos study of Vauclair et al. (1997) and the follow-up by Holberg et al. (2012) . Vauclair et al. (1997) found that the Hipparcos MRR is largely consistent with theoretical predictions when realistic uncertainties on the atmospheric parameters are taken into account. They concluded that the error bars on the atmospheric parameters published in the literature at the time were slightly too optimistic, and that the determination of the size of the H-layers for Hipparcos white dwarfs was out of reach.
The main goal of this work is to use Gaia DR1 parallaxes for the Hipparcos and Tycho-2 catalog white dwarfs, both directly observed and in wide binaries, to re-asses the semi-empirical MRR for degenerate stars. In preparation for future Gaia data releases, we want to understand whether it is possible to disentangle uncertainties in the spectroscopic technique from a genuine offset between the theoretical and observed MRRs. Our study is constructed as follows. First we introduce in Section 2 the Gaia DR1 and Hipparcos white dwarf samples and determine the atmospheric parameters of these objects. We derive the semi-empirical MRR in Section 3 and discuss the implications in Section 4. We conclude in Section 5.
THE GAIA DR1 SAMPLE
The European Space Agency (ESA) astrometric mission Gaia is the successor of the Hipparcos mission and increases by orders of magnitude the precision and number of sources. Gaia will determine positions, parallaxes, and proper motions for ∼1% of the stars in the Galaxy, and the catalog will be complete for the full sky for V 20 mag (Perryman et al. 2001) . The final data release will include between 250,000 and 500,000 white dwarfs, and among those 95% will have a parallax precision better than 10% (Torres et al. 2005; Carrasco et al. 2014 ). The final catalog will also include G passband photometry, low-resolution spectrophotometry in the blue (BP, 330-680 nm) and red (RP, 640-1000 nm), and (for bright stars, G 15) higher-resolution spectroscopy in the region of the Ca triplet around 860 nm with the Radial Velocity Spectrometer (Jordi et al. 2010; Carrasco et al. 2014) .
The Gaia DR1 is limited to G passband photometry and the five-parameter astrometric solution for stars in common with the Hipparcos and Tycho-2 catalogs (Michalik et al. 2014 (Michalik et al. , 2015 Lindegren et al. 2016; Gaia Collaboration 2016) . However, not all Hipparcos and Tycho-2 stars are found in Gaia DR1 owing to source filtering. In particular, sources with extremely blue or red colours do not appear in the catalog (Gaia Collaboration 2016). Unfortunately, this significantly reduces the size of the Gaia DR1 white dwarf sample, with most of the bright and close single degenerates missing.
We have cross-matched the Hipparcos and Tycho-2 catalogs with Simbad as well as the White Dwarf Catalog (McCook & Sion 1999) . A search radius of 10 ′′ around the reference coordinates was employed and all objects classified as white dwarfs were looked at manually. Our method eliminates all objects that are not known to be white dwarfs and wide binaries for which the stellar remnant is at a separation larger than ∼10 ′′ to the Hipparcos or Tycho-2 star. We have identified 25 white dwarfs for which the bright degenerate star itself is part of the Hipparcos (22 objects) or Tycho-2 (3 objects) catalogs. Those objects are shown in Table 1 Vauclair et al. (1997) while WD 0439+466, WD 0621−376, and WD 2211−495 are Tycho-2 white dwarfs. For HZ 43 (WD 1314+293), the Hipparcos parallax is known to be inconsistent with the predicted MRR (Vauclair et al. 1997 ), and we take instead the value from the Yale Parallax Catalog (van Altena et al. 1994) . Only 6 of the Hipparcos white dwarfs and none of the Tycho-2 degenerates are present in Gaia DR1 owing to source filtering. The Gaia DR1 parallaxes and G magnitudes are identified in Table 1 . In addition to the random errors available in the catalog, we have added a systematic error of 0.3 mas (Gaia Collaboration 2016).
Our limited search radius of 10 ′′ around Hipparcos and Tycho-2 coordinates, which was designed to recover all white dwarfs that are directly in Gaia DR1, does not allow to build a meaningful sample of wide binaries. A list of white dwarfs that are in common proper motion pairs with Hipparcos or Tycho-2 stars was compiled from the literature (Silvestri et al. 2002; Gould & Chanamé 2004; Holberg et al. 2013; Zuckerman 2014 ). Our aim is not to have a complete sample but rather to include most known Gaia DR1 stars with wide degenerate companions. The 62 selected binary systems are identified in Table 2 along with their angular separation. Among those, 39 are primary stars with Hipparcos parallaxes collected in Table 3 , and 23 are Tycho-2 stars with no prior distance measurements. We have found 46 of these primary stars in Gaia DR1, with parallaxes identified in Table 3 . The resulting physical separations lead to orbital periods longer than those of Procyon and Sirius (> 40 yr), hence these orbital motions should have a minor impact on parallax determinations. We can derive the semi-empirical MRR for members of wide binaries in the same way as we do for directly observed white dwarfs. Gaia DR1 G magnitudes are available for 43 of the white dwarf companions, while V magnitudes can be found in the literature for most systems.
Our search has also recovered a large number of white dwarfs in unresolved binaries, often in Sirius-like systems where the degenerate star is only visible in the UV (Holberg et al. 2003) . Whenever there was no optical spectroscopy for these objects, we have neglected them from our sample, since their atmospheric parameters are significantly less precise than for the white dwarfs identified in Tables 1 and 3 . This includes WD 1736+133 and WD 1132−325, even though they are separated by more than 4
′′ from their bright companion (Holberg et al. 2013 ).
Spectroscopic Parameters
Precise atmospheric parameters determined from spectroscopic fits are a critical ingredient to extract the semi-empirical MRR. As a consequence, we have ensured that we have a homogeneous determination of the atmospheric parameters by using the same models and fitting technique for the whole sample as much as feasible. Whenever possible, atmospheric parameters for DA white dwarfs are taken from , or in a few cases from Tremblay et al. (2011) and Limoges et al. (2015) . These studies are based on the model spectra from Tremblay et al. (2011) , and 3D corrections from Tremblay et al. (2013) were applied when appropriate. The uncertainties in are the sum of the formal χ 2 errors and external errors of 1.2% in T eff and 0.038 dex in log g. The latter were determined by observing selected stars on different nights and at different sites (Liebert et al. 2005) . There are five DA white dwarfs, all in wide binaries, that are not part of the A few hot white dwarfs that are identified with spectral type DA+BP (or DAO+BP) have the so-called Balmer line problem (Werner 1996) . In those cases, the solution is with CNO added to the model atmospheres. We also note that the optical spectrum of HZ 43 employed by shows some evidence of contamination from the close M dwarf companion. As a consequence, the error bars for this star should be taken with some caution.
For the DB white dwarfs WD 0615−591, WD 0845−188, and WD 2129+004, we use the atmospheric parameters from Notes. The Gaia uncertainties include both the random errors and a systematic error of 0. Bergeron et al. (2011) . Even though they are in the regime T eff < 16, 000 K, where spectroscopic log g determinations are unreliable Koester & Kepler 2015) , we keep them in the sample as Section 3 demonstrates that they are in agreement with the theoretical MRRs when parallaxes are available. However, we make no attempt to determine whether a thin H-layer is more appropriate for these objects, as suggested from the lack of hydrogen at the surface. On the other hand, WD 0551+123 and WD 1917−077 are too cool for a meaningful log g determination from the He I lines. For 15 DC, 1 probable DB, 4 DQ, 4 DZ, and 2 probable white dwarfs, there are no spectroscopic log g determinations, hence no independent mass determinations apart from using the parallaxes and magnitudes from Tables 1 and 3 , combined with a theoretical MRR. We do not perform such mass determinations as it is outside the scope of this work to review the photometric fits of these objects. We only include the 48 DA and 2 DB white dwarfs with spectroscopic log g values and at least one parallax measurement in our analysis.
THE MASS-RADIUS RELATION
We employ the method of Vauclair et al. (1997) to study the semiempirical MRR. The first step is to define the surface flux in erg sec −1 cm −2 Å −1 from the predicted emergent monochromatic Eddington flux H λ ,
where we have explicitly included the dependence on the atmospheric parameters. The flux measured at the earth is
which fully accounts for limb-darkening. However, the flux is usually integrated over some characteristic photometric passband, such as Johnson-Kron-Cousins V or Gaia G, and measured by a photoncounting device. Conversely, a surface magnitude m o can be predicted
where S (λ) is the total system quantum efficiency and C s is the zero point. The zero point for the V filter is defined from the Vega magnitude of +0.026 which results in C V = −21.0607 (Holberg & Bergeron 2006 ). If we use the same procedure as Holberg & Bergeron (2006) for the Gaia G filter where Vega has a magnitude of +0.03 (Jordi et al. 2010) , we obtain C G = −21.48050. The radius is then found from
where π is the trigonometric parallax in arcsec, m is the apparent magnitude, and the constant is log(parsec/R ⊙ ). A correction for interstellar extinction could be necessary for white dwarfs with parallaxes smaller than about 20 mas (Genest-Beaulieu & Bergeron 2014) . For the magnitude-limited directly observed Hipparcos white dwarf sample, this corresponds to T eff 50, 000 K, including G191−B2B which is suggested to have a small reddening of E(B−V) = 0.0005 (Bohlin et al. 2014) . Nevertheless, it is difficult to calculate individual corrections that would be appropriate for our sample, and we neglect this effect.
The emergent fluxes from the model atmospheres of Tremblay et al. (2011) were integrated over the Gaia G passband using Eq. 3 as was done in the preparatory work of Carrasco et al. (2014) . The resulting radii R Gaia from Eq. 4 are given in Table 4 . The results using instead the Hipparcos or ground-based parallaxes (R Hipparcos ) are also shown in Table 4 . In those cases, we have still employed the apparent Gaia G magnitudes when available.
Traditionally, the next step has been to compute a mass independently of the MRR by combining the radii determined above with the spectroscopic log g. These masses are given in Table 4 and presented in a M-R diagram in Fig. 2 for both the Gaia DR1 (top panel) and Hipparcos parallaxes (bottom panel). We note that the errors typically form elongated ellipses (Holberg et al. 2012) corresponding to the fact that M is a function of R 2 . Furthermore, the predicted positions on the M-R diagram depend on T eff , as illus- Notes. The Gaia uncertainties include both the random errors and a systematic error of 0.3 mas (Gaia Collaboration 2016). Only spectroscopic log g determinations are included and not the derivations based on the parallax measurements. Spectral types with the ":" symbol are uncertain. trated in Fig. 2 by the theoretical MRRs from Wood (1995) and Fontaine et al. (2001) with thick H-layers at 10,000, 30,000, and 60,000 K. For these reasons, it is not straightforward to interpret the results in a M-R diagram. In particular, the data points in Fig. 2 , both for the Gaia DR1 and Hipparcos samples, do not form a clear sequence of decreasing radius as a function of increasing mass as in the predicted MRR. This is in part caused by observational uncertainties, the fact that most white dwarfs in the sample have similar masses around ∼0.6 M ⊙ , and that for a given mass the radius will change as a function of T eff .
WD 1130+189 and WD 2048+809 are two peculiar white dwarfs in Gaia DR1 for which the observed radii R Gaia are about twice the predicted values. Given the surface gravities, this would lead to spurious observed masses well above the Chandrasekhar mass limit. The natural explanation for this behaviour is that these wide binaries are actually rare triple systems with unresolved double degenerates (O'Brien et al. 2001; Andrews et al. 2016; Maxted et al. 2000) . These white dwarfs had no parallax measurements until now and were not known to be double degenerates. However, high-resolution observations of WD 2048+809 show peculiar line cores that can not be explained by rotation or magnetic fields (Karl et al. 2005) . Liebert et al. (1991) and Tremblay et al. (2011) have shown that double DA white dwarfs can almost perfectly mimic a single DA in spectroscopic and photometric analyses. As a consequence, it may not be surprising that Gaia is able to reveal for the first time the double degenerate nature of these objects.
In the following, we compare the observed radius R Gaia or R Hipparcos defined by Eq. 4 to a predicted radius R MRR drawn from theoretical MRRs and spectroscopic atmospheric parameters, an approach also favoured by Holberg et al. (2012) . We note that neither quantity is purely observed or purely predicted and both depend on the spectroscopic atmospheric parameters, hence model atmospheres. Nevertheless, R Gaia depends almost only on T eff while R MRR depends largely on log g. Theoretical MRRs with thick Hlayers (q H = 10 −4 ) were employed for our standard derivation. For M > 0.45 M ⊙ , we use the evolutionary sequences of Fontaine et al. (2001, T eff ≤ 30,000 K, C/O-core 50/50 by mass fraction mixed uniformly) and Wood (1995, T eff > 30,000 K, pure C-core). For lower masses we use the He-core sequences of Althaus et al. (2001) . −10 ) at 0.6 M ⊙ . On average, the data agree with the theoretical MRR for thick H-layers within 0.99σ and 0.98σ for Gaia DR1 and Hipparcos, respectively, and no significant systematic offset is observed (neglecting the suspected double degenerates). The observed uncertainties for both samples do not allow, however, for meaningful constraints on H envelope masses. The error bars are only slightly smaller for the Gaia DR1 sample compared to Hipparcos. There are two reasons for this behaviour. First of all, most of the Gaia DR1 white dwarfs are companions to fairly distant but bright primary stars with parallaxes. While the absolute parallax error is on average 3 times smaller in Gaia DR1, the relative errors (σ π /π) are comparable with 5.05% in Gaia DR1 and 7.06% for pre-Gaia measurements. Furthermore, the uncertainties from the atmospheric parameters become the dominant contribution for the Gaia DR1 sample (see Section 4.2). The implications of these results are further discussed in Section 4. Table 1 for directly observed white dwarfs (solid circles) and in Table 3 (Wood 1995; Fontaine et al. 2001 ) at 10,000 K (red), 30,000 K (black), and 60,000 K (blue) are also shown. The data points are also colour coded based on their T eff and the closest corresponding theoretical sequence. (Bottom:) Similar to the top panel but with pre-Gaia parallax measurements (mostly from Hipparcos) identified in Tables 1 and 3 . We still rely on Gaia G magnitudes when available.
DISCUSSION

Comparison with Other Empirical Mass-Radius Relations
Our results can be compared to two empirical MRRs not drawn from Gaia DR1. Fig. 4 (top panel) shows an independent analysis for eclipsing and/or tidally distorted extremely low-mass (ELM) He-core white dwarf systems that provide model-independent radii (Hermes et al. 2014; Gianninas et al. 2014) . The data are reproduced from table 7 of Tremblay et al. (2015) where 3D model atmosphere corrections were applied. The theoretical radius R MRR is taken from the spectroscopic atmospheric parameters and the Hecore MRR, similarly to our main analysis. The agreement with the theoretical He-core MRR for thick H-layers is on average within error bars. This result suggests that the consistency between the theoretical MRR and spectroscopic atmospheric parameters holds in the ELM regime as well. Fig. 4 (bottom panel) also shows the results for eclipsing binaries where masses and radii are both directly constrained from the eclipses and orbital parameters. The selected systems from the lit- Table 5 . In those cases, the theoretical radius R MRR is simply the dynamical mass processed through the theoretical MRR for thick H-layers, hence the prediction is independent of the atmospheric parameters. The error bars are significantly smaller than those shown in Fig. 3 for Gaia DR1 and Hipparcos, leading to a reduced y-axis scale in Fig. 4 . As discussed in Parsons et al. (2016) , in most cases the observed radius is in agreement with the theoretical MRR for thick H-layers. A mixture of He-cores (M ≤ 0.45 M ⊙ ) and C/O-cores were employed given the masses of the white dwarfs identified in Table 5 . SDSS 0857+0342 with 0.514 M ⊙ is the one object in Fig. 4 that does not agree well with the C/O-core MRR. Parsons et al. (2012a) have suggested that it might instead be a He-core white dwarf.
It may not be entirely surprising that none of these postcommon envelope systems are DB white dwarfs owing to the stellar wind of the companion. Very few hydrogen deficient degenerates are known in post-common envelope systems (see, e.g., Nagel et al. 2006) . However, there is no evidence that the H envelope masses are necessarily close to the maximum value of q H ∼ 10 −4 , and the scatter observed in Fig. 4 could be due to these variations. We remind the reader that H envelope mass determinations are model dependent even for eclipsing binaries. The Gaia empirical MRR for single DA and DB white dwarfs could have more objects with Table 1 are represented  by solid circles while wide binaries from Table 3 are illustrated by open circles. Numerical values are identified in Table 4 . The dotted line ∆R = 0 is shown as a reference and the dashed red line is for a MRR relation with thin H-layers (q H = 10 −10 ) at 0.6 M ⊙ . (Bottom:) Similar to the top panel but with pre-Gaia parallax measurements (mostly from Hipparcos) identified in Tables 1 and 3 . We still rely on Gaia G magnitudes when available. The benchmark cases 40 Eri B (cooler) and Sirius B (warmer) are shown in red.
very thin H-layers, but there is no clear indication that the relation would be significantly different. In particular, the results of Fig. 4 for eclipsing binaries strongly suggest that theoretical MRRs are in agreement with observations. The semi-empirical MRR for the Gaia DR1 sample in Fig. 3 supports this conclusion, but it also indicates that the spectroscopic atmospheric parameters are on average consistent with Gaia DR1 parallaxes. In future Gaia data releases, the results from eclipsing binaries may provide the key to disentangle a genuine observed signature of the white dwarf MRR from a systematic effect from model atmospheres.
Finally, we note that Bergeron et al. (2007) compared gravitational redshift measurements with spectroscopically determined log g and a theoretical MRR, but the comparison remained inconclusive because of the large uncertainties associated with the redshift velocities. ) Differences (in %) between observed radii R ELM and predicted He-core radii R MRR as a function of log T eff for the sample of He-core ELM white dwarfs from Gianninas et al. (2014) with 3D corrections from Tremblay et al. (2015) . Error bars for log T eff are omitted for clarity and numerical values are presented in Tremblay et al. (2015) . The dotted line ∆R = 0 is shown as a reference and the dashed red line is for a He-core MRR relation with thin H-layers at 0.3 M ⊙ . (Bottom:) Differences between observed radii R eclipse and predicted radii R MRR for eclipsing binaries for which there is an independent derivation of both the mass and radius. The observed sample of both He-and C/O-core white dwarfs drawn from the literature is described in Table 5 . The dashed red line is for a MRR relation with thin H-layers at 0.6 M ⊙ .
Precision of the Atmospheric Parameters
The studies of Vauclair et al. (1997) and Provencal et al. (1998) have pioneered the derivation of the semi-empirical MRR for white dwarfs using precise Hipparcos parallaxes. Our work with Gaia DR1 parallaxes is in continuation of this goal. We remind the reader that such observed MRR is still highly dependent on the white dwarf atmospheric parameters, hence model atmospheres. In previous studies, parallax errors were often dominant, but with Gaia DR1 parallaxes, errors on spectroscopic atmospheric parameters are becoming the most important. Fig. 5 illustrates the error budget on R Gaia − R MRR derived in Fig. 3 and demonstrates that the uncertainties on T eff and log g marginally dominate. The number and precision of parallaxes will increase significantly with future Gaia data releases. In particular, the individual parallaxes in DR2 will have significantly higher individual precision due to a longer measurement time (22 months instead of 11 months, which is already 36% of the total mission time). Systematic errors are also expected to decrease significantly resulting from a more sophisticated calibration, including a better definition of the line spread function, the application of a chromaticity correction, a more accurate calibration of the basic angle variation, and a calibration and correction of micro clanks. On the other hand, it is not expected that the precision on the atmospheric parameters will markedly improve anytime soon. We propose that the bright and well-studied single DA white dwarfs in the Hipparcos sample, unfortunately largely missing from Gaia DR1, may be used as a benchmark to understand the precision of the semi-empirical MRR of future Gaia data releases. We will now assess the possibility of improving the precision on the atmospheric parameters for these white dwarfs, taking WD 1327−083 as an example. There are three steps in the Balmer line fitting procedure that could introduce errors; uncertainties in the spectroscopic data, issues with the fitting procedure, and inaccuracies in the model atmospheres. To illustrate this, we have derived the atmospheric parameters of WD 1327−083 using a number of observations and methods. In Fig. 6 we display the published atmospheric parameters based on one spectrum. The formal χ 2 uncertainty is represented by the smaller dash-dotted ellipse. We remind the reader that the error bars from combine in quadrature this formal χ 2 error and a fixed external error of 1.2% in T eff and 0.038 dex in log g, resulting in the corresponding 1σ and 2σ error ellipses shown in Fig. 6 .
First of all, we rely on 12 alternative spectra for WD 1327−083. These are all high signal-to-noise (S/N > 50) observations that were fitted with the same model atmospheres (Tremblay et al. 2011 ) and the same fitting code as in . In all cases the formal χ 2 error is very similar to the one illustrated in Fig. 6 for the spectrum selected in . We employ 7 spectra taken by the Montreal group from different sites (black filled points in Fig. 6 ) in addition to the one selected in . We also rely on 3 UVES/VLT spectra taken as part of the SPY survey ), shown with cyan filled circles in Fig. 6 . Additionally, new observations were secured. The first one is a high S/N X-SHOOTER/VLT spectrum taken on programme 097.D-0424(A). The Balmer lines suggest a significantly warmer temperature (blue filled circle) than the average in Fig. 6 . However, the calibrated spectra show a smaller than predicted flux in the blue, suggesting the offset could be caused by slit losses during the observations. Finally, we have recently obtained STIS spectrophotometry for WD 1327−083 under Hubble Space Telescope program 14213 as shown in Fig. 7 . The Balmer lines were fitted and a solution (red filled circle in Fig. 6 ) very similar to that of was obtained.
The atmospheric parameters in Fig. 6 , determined from different spectroscopic data, show a relatively large scatter that is significantly higher than the χ 2 error, confirming that external errors from the data reduction must be accounted for. The scatter appears slightly larger than the systematic uncertainty estimated by Liebert et al. (2005) and from a similar procedure. However, one could argue that some of the observations selected in this work should have a lower weight in the average since they show minor deficiencies in their instrumental setup or flux calibration.
The STIS spectrophotometry, which is calibrated using the three hot (T eff > 30, 000 K) white dwarfs GD 71, GD 153, and G191−B2B (Bohlin et al. 2014) , also permits the determination of the atmospheric parameters based on the continuum flux. The surface gravity was fixed at log g = 8.0 since the sensitivity of the continuum flux to this parameter is much smaller than the sensitivity to T eff . The blue wing and central portion of Ly α were removed from the fit because the observed flux is very small in this region. Fig. 7 shows our best-fit model (red) compared to the solution using the T eff value from in blue. The solution is clearly driven by the UV flux, and a T eff value of 14,830 K, about 250 K larger than that of , is required to fit the observations. The STIS photometric solution is added to Fig. 6 (dotted red line) . It is reassuring that there is a good consistency between STIS spectrophotometry and white dwarf atmospheric parameters both for current hotter flux standards and this cooler object. A full discussion about using this white dwarf as a STIS spectrophotometric standard will be reported elsewhere. As an independent test, we have also used UBVRIJHK data drawn from Koen et al. (2010) and 2MASS (Cutri et al. 2003) to fit a temperature of 14,285 ± 900 K. The large error is due to the fact that this photometric data set does not include the UV which is the most sensitive to T eff . We refrain from using the GALEX FUV and NUV fluxes since there is a significant systematic offset between observed and synthetic fluxes in the magnitude range of WD 1327−083 (Camarota & Holberg 2014) . The results are re- Figure 6 . Characterisation of the atmospheric parameters for WD 1327−083 using different observations and model atmospheres. The standard atmospheric parameters from used throughout this work are represented by their 1σ and 2σ error ellipses (solid black). The smaller formal χ 2 error is represented by a dash-dotted ellipse. Different Balmer line solutions based on the same model atmospheres and fitting technique but alternative spectra are shown with solid circles. The alternative spectra are drawn from the Montreal group (black), the UVES instrument (SPY survey, cyan), X-SHOOTER (blue), and STIS spectrophotometry (red). We also show the alternative solutions employing the model atmospheres of Koester (2010) with open circles. The formal χ 2 error is very similar for all solutions. Finally, we show our best fits of the continuum flux of STIS spectrophotometry (dotted red, see Fig. 7 ) and UBVRIJHK photometry (dashed magenta, σ Teff = 900 K). For photometric fits we have fixed the surface gravity at log g = 8.0. ported in Fig. 6 (dashed magenta), though because of the large error, the UBVRIJHK T eff value is fully consistent with the STIS spectrophotometry.
Finally, we have performed the same analysis but using instead the model atmospheres of Koester (2010) including the Stark broadening profiles of Tremblay & Bergeron (2009) . The results are shown in Fig. 6 with open circles for fits of the Balmer lines. The mean T eff value is shifted by −295 K and the mean log g value by −0.06 dex, which is in both cases slightly larger than the published error bars. In the case of the STIS and UBVRIJHK photometric fits, we find essentially the same T eff values with both grids of models. Fig. 6 demonstrates that for the particular case of WD 1327−083, the 1σ error bars from are a reasonable but likely optimistic estimate of the T eff -log g uncertainties. It is perhaps not surprising since they did not consider alternative model grids or photometric solutions in their uncertainties. We have not explicitly considered the effect of the fitting techniques, which would increase even more the scatter between the different solutions. However, changing the fitting method would not provide a fully independent diagnostic since it is influenced by both the data reduction and systematic uncertainties in the model atmosphere grids.
It is outside the scope of this work to review the differences between the model grids or to re-observe spectroscopically all white dwarfs for which we currently have parallaxes. Nevertheless, we suggest that this should be done ahead of Gaia DR2 for a benchmark sample of bright white dwarfs. We can nevertheless make a few additional observations. If we allow the uncertainties on the at- Tremblay et al. (2011) using the atmospheric parameters of is shown in blue (solid, T eff = 14, 570 K, log g = 7.99), and the best fit is shown in red (dotted, T eff = 14, 830 K with log g fixed at 8.0), which is almost coincident with the observations on this scale. mospheric parameters to increase by a very conservative factor of two following our discussion above, 21/26 Gaia DR1 white dwarfs agree within error bars with thick H-layers while 22/26 are consistent with thin H-layers. These results suggest that given the precision on the atmospheric parameters, the theoretical MRR is entirely consistent with the observations. Furthermore, the distinction between thin and thick H-layers for Gaia DR1 white dwarfs is still out of reach, as it was the case for Hipparcos.
CONCLUSIONS
The Gaia DR1 sample of parallaxes was presented for 6 directly observed white dwarfs and 46 members of wide binaries. By combining this data set with spectroscopic atmospheric parameters, we have derived the semi-empirical MRR relation for white dwarfs. We find that, on average, there is a good agreement between Gaia parallaxes, published T eff and log g, and theoretical MRRs. It is not possible, however, to conclude that both the model atmospheres and interior models are individually consistent with observations. There are other combinations of T eff , log g, and H envelope masses that could agree with Gaia DR1 parallaxes. However, the good agreement between observed and predicted radii for eclipsing binaries, which are insensitive to model atmospheres, suggest that both the atmospheric parameters and theoretical MRRs are consistent with Gaia DR1.
Starting with Gaia DR2, it will be feasible to derive the semiempirical MRR for thousands of white dwarfs. Assuming systematic parallax errors will be significantly reduced, it will be possible to take advantage of large number statistics and compute a precise offset between the observed and predicted MRRs for T eff , mass, and spectral type bins. Alternatively, since the mass and radius are derived quantities, the parallax distances could be directly compared to predicted spectroscopic distances (Holberg et al. 2008 ). However, it may be difficult to interpret the results in terms of the precision of the model atmospheres and evolutionary models. Independent constraints from eclipsing binaries, as well as a more care-ful assessment of the error bars for bright and well known white dwarfs, may still be necessary to fully understand Gaia data.
